High-resolution x-ray diffraction peak profiles from self-induced GaN nanowires are studied theoretically and experimentally. We show that the peak profiles can be explained as a result of an inhomogeneous fluctuating strain in nanowires. We attribute this strain to random distortions caused by lattice defects at the interface between the nanowire and the substrate and at coalescence joints. An exponential decay of the mean-squared strain along the nanowire describes the peak profiles in successive diffraction orders.
I. INTRODUCTION
Nanowires attract increasing interest as new building blocks for electronic and optoelectronic devices, alternative to planar films. 1, 2 One important advantage of nanowires is the possibility to elastically relax strain at the free-sidewall surfaces. For nanowires grown directly on crystalline substrates, the mismatch between the nanowire and the substrate crystal lattices can be released by misfit dislocations. Theoretical analysis predicts [3] [4] [5] [6] [7] and indirect experimental observations confirm 8, 9 that plastic relaxation takes place when the nanowire diameter exceeds a critical value that depends on the mismatch. An exponential decay of the strain along the nanowire is assumed in the strain relaxation models. 3, 6, 7 Synchrotron x-ray diffraction measurements of GaAs nanowires on Si substrates detected the residual strain close to the substrate 10 and showed that longer nanowires are less strained than shorter ones. 11 In the plasma-assisted molecular beam epitaxy of GaN nanowires on Si substrates, the interfacial structure is more complicated. At the beginning of the GaN nanowire growth, the active N species produced by the plasma react with the Si substrate and result in the formation of a thin and predominantly amorphous Si x N y layer prior to the nucleation of GaN nanowires. [12] [13] [14] [15] [16] Nevertheless, the epitaxial relationship of nanowires to the substrate is preserved, at least partially. Both the out-of-plane and in-plane crystallographic directions of the nanowires exhibit a preferential orientation with respect to the substrate. The in-plane orientation of nanowires is evidenced by the sixfold symmetry visible in x-ray pole figures. 16, 17 Since the single-crystalline GaN has an interface to the largely amorphous Si x N y layer, the interfacial structure cannot be described in terms of mismatch and misfit dislocations. Nevertheless, the interface results in locally broken or distorted bonds which are sources of random strain emanating from the interface.
The coalescence of adjacent nanowires 18 is another source of inhomogeneous strain. The axial directions of self-induced GaN nanowires are spread around the surface normal, within a typical angular range of 3
• . 16 Since nanowires grow in a dense array (the distances between nanowires only slightly exceed their diameters), the growing nanowires merge and continue to grow as a single nanowire of a larger diameter with an orientation different from the ones of the initial two nanowires. Since the orientations of the crystal lattices of the two nanowires change at the joints, the joints are strain concentrators which may contain dislocations. 16, 18 The aim of the present work is to study strain in self-induced GaN nanowires on the basis of laboratory x-ray diffraction measurements. The transverse x-ray diffraction scans are very broad, as they reflect the nanowire orientation distribution. At the same time, the longitudinal diffraction profiles are so narrow that they require high-resolution x-ray diffraction measurements with a crystal analyzer. The peak widths are close to the resolution limit of triple-crystal diffractometry, which forces us to perform a detailed analysis of the resolution function. The sharp peaks evidence that the mean lattice spacing does not change along the nanowire. However, the peaks possess broad tails, which point to strong fluctuations of the lattice spacing. We treat this fluctuating strain as due to distorted bonds at the interface and at the coalescence joints.
The broad distribution of nanowire orientations justifies using methods of analysis established in powder diffraction. However, the observed x-ray diffraction peak profiles cannot be adequately described by the common approximations in the size-strain analysis of powder diffraction. One of these approximations is the homogeneity of the strain fluctuations: The mean-squared strain 2 is considered as a quantity that does not depend on the place in the sample where the average is performed. We expect that the strain in nanowires is mainly concentrated at their bottom and is relaxed at the top. Thus, we ascribe the peak broadening to fluctuating strain in the nanowires caused by random sources of distortions at their interface to the substrate and at the coalescence joints. A structure factor for the case of rms strain fluctuations that depend on the coordinate in the nanowire is calculated. We show that rms strain fluctuations exponentially decaying along the nanowires provide an adequate description of the diffraction peaks. The successive diffraction orders are described simultaneously, to separate the strain and the size effects.
II. EXPERIMENT
The GaN nanowires under investigation were grown on Si(111) substrates by plasma-assisted molecular beam epitaxy. We have chosen appropriate growth conditions [19] [20] [21] for the synthesis of two clearly distinct samples in terms of nanowire density, average diameter, and degree of coalescence. Sample 1 was obtained at a temperature of 810
• C and with a N/Ga flux ratio of 2.5, whereas we employed both a lower temperature of 780
• C and a lower N/Ga flux ratio of 1.2 for sample 2. Consequently, the nucleation density, the average diameter, the lateral growth rate, and the degree of coalescence are all expected to be higher for sample 2 as compared to sample 1. Indeed, the different dimensions of the nanowires forming these samples are evident from the scanning electron micrographs shown in Fig. 1 . A quantitative analysis of planview and cross-sectional micrographs (not shown here) gave the mean diameter and the average length of the nanowires as compiled in Table I . Low-temperature photoluminescence spectra of both samples are dominated by the excitons bound to neutral O and Si donors with a linewidth less than 1.5 meV.
X-ray measurements were carried out with CuKα 1 radiation using a Panalytical X'Pert diffractometer with two bounce Ge(220) hybrid monochromator and three bounce Ge(220) analyzer crystal. The symmetric 0002, 0004, and 0006 reflections were measured by ω-2θ Bragg scans. The nanowire out-of-plane orientation distribution (tilt) was measured by ω scans.
The resolution function was obtained by measuring a bulk GaN(0001) single crystal purchased from AMMONO 22 with a dislocation density less than 10 5 cm −2 in the same diffraction TABLE I. Nanowire dimensions and strain parameters for the two samples under investigation. Given are the average diameters D and lengths L, together with the standard deviations of these quantities, determined by scanning electron microscopy (SEM), as well as the parameters ε 0 , , and L obtained from the fits of the x-ray diffraction profiles. geometry. The determination of the resolution function is described in detail in the next section.
III. RESOLUTION FUNCTION
The use of the same reflections from the bulk GaN crystal, as measured from the nanowire samples, allows us to take into account the dispersion of the setup directly. However, the diffraction curve from an aligned crystal is insufficient to get the instrumental function for the nanowire samples.
Individual nanowires are inclined with respect to the substrate normal. The distribution of the nanowire orientations is directly measured by ω scans. 23 The distribution is isotropic with respect to sample rotation about its axis and close to a Lorentzian with full width at half maximum (FWHM) of 3.8
• for sample 1 and 3.2
• for sample 2. The inclinations of the nanowire axis in the scattering plane and normal to it have different consequences on diffraction. In the scattering plane, the incident and the diffracted beams are collimated, so that the diffraction from nanowires with improper orientations will not be detected. On the other hand, the beams are not collimated in the direction normal to the scattering plane (the vertical divergence of the beams in a standard laboratory x-ray diffraction setup). The range of orientations that contributes to diffraction is limited by the vertical size of the illuminated sample area and the vertical detector size. This effect is well known in powder diffraction 24, 25 and leads to an asymmetry of the measured peaks.
With the aim to obtain the instrumental function that takes into account the vertical divergence of the beams and the range of nanowire orientations, we measure the ω-2θ diffraction curves from the reference bulk GaN sample, inclining the sample normal by an angle χ with respect to the scattering plane as shown in Fig. 2(a) . The results of the measurements are shown in Figs. 2(b)-2(d). The two-dimensional χ -2θ maps (left column) represent parts of the Debye-Scherrer rings accepted by the detector. Selected scans in the right column show that the peaks shift to smaller scattering angles as the inclination χ is increased. The summation over the inclination angles χ gives rise to asymmetric peaks with higher intensity on the lower 2θ flank.
We obtain the instrumental function by integrating the intensities of the ω-2θ scans over χ with a Lorentzian weight function with FWHM 3.5
• corresponding to the range of nanowire orientations. The resulting functions are shown in Fig. 2(e) . The asymmetry of the peaks is clearly visible. The peaks of the 0004 and 0006 reflections are accompanied by low-intensity satellites due to the reminder of the CuKα 2 line passing through the hybrid monochromator. The intensity of the satellites is below the intensity range relevant for the present study.
The central peaks in Fig. 2 (e) are accompanied by slowdecaying tails. The intensity distribution of these tails follow a q −2 law (where q is the wave vector deviation from the corresponding peak), and we thus attribute these tails to crystal truncation rod scattering from the platelike reference GaN sample. The tails possess low intensity and do not affect the analysis of the nanowire diffraction presented below.
In Fig. 3 the 0002 reflections from samples 1 and 2 are compared to the respective resolution function from Fig. 2(e) . The higher order reflections are also shown and will be discussed in the next sections. One can see from the figure that the nanowire peaks are asymmetric, with the asymmetry following that of the resolution function. In the next section we describe the structure factor that takes into account an inhomogeneous strain distribution in nanowires. Its convolution with the resolution functions from Fig. 2(e) is used to describe the experimental profiles shown in Fig. 3 . 
IV. STRUCTURE FACTOR
In the common approach of powder diffraction, the effect of strain fluctuations on the diffraction peak profile is described by the mean-squared strain 2 . 26, 27 To obtain this quantity one has to consider a fluctuating random strain at a given point, and average the squared strain 2 over the statistics of the distortions. The question at which point in the sample the statistical average has to be performed does not arise since the distribution of the sources of distortions (lattice defects) is assumed to be homogeneous over the sample. In other words, the mean-squared strain is considered as a constant characterizing the strain state of the whole sample. Hence, the average over the ensemble of distortion sources can be replaced with the spatial average over the sample. These assumptions give rise to a Gaussian peak profile due to strain fluctuations. The diffraction peak width is proportional to the reflection order, which allows us to distinguish strain and size broadening since the latter does not depend on the reflection order.
The diffraction peak profiles from nanowire samples presented in Fig. 3 clearly show the increase of the peak width with the reflection order, approximately proportional to the reflection order (a quantitative analysis requires convolution with the resolution functions of the corresponding reflections and is done in the next section). Hence, the peak broadening is mainly caused by strain in the nanowires. On the other hand, the peak shapes are far from being Gaussian.
However, the distribution of distortions in nanowires is spatially inhomogeneous. The lattice distortions are mainly present at the bottom of the nanowire near the substrate. Coalescence of adjacent nanowires may also cause strain either by elastic distortion of nanowires or by defects accommodating their relative misorientation. The strain caused by either of these effects decays along the nanowire because of the elastic relaxation at the side surface. One can expect that the strain decays at distances comparable with the nanowire diameter. A typical nanowire length/diameter ratio for nanowires in Fig. 1  is 18 for sample 1 and 15 for sample 2, so that the strain decays by orders of magnitude to the nanowire top. The strain from random sources is summed, due to linear elasticity, and causes fluctuating strain. Its rms fluctuation decays to the nanowire top by the same law.
The aim of this section is to calculate the x-ray diffraction peak profile due to inhomogeneous strain fluctuations. Because of the broad distribution of the nanowire orientations, we restrict ourselves to the common approximation of powder diffraction, that takes into account the integration of the structure factor over all orientations of the grains and replaces the relevant part of the Ewald sphere with the plane tangential to the diffraction vector. The integration over the tangential plane in reciprocal space reduces the real space integration to the integration of the correlation function in the direction of the diffraction vector. As a result, the powder averaged structure factor is written as an integral over the columns in the direction of the scattering vector,
Here the z axis is chosen along the reciprocal lattice vector Q 0 , the scattering vector is Q 0 + qn z , where n z is the unit vector in the direction of z axis, and L is the nanowire length. The correlation function is
where u is the total displacement due to all sources of distortions, r ⊥ is the coordinate of a column in the plane perpendicular to the z axis direction, and the angular brackets · · · denote a statistical average over the random positions of the sources of distortions and over the columns. Further approximations commonly made in powder diffraction is to replace the difference of displacements in Eq. (2) with strain,
, and consider the strain zz (r ⊥ ,z) as a Gaussian random variable. Then, the correlation function (2) is written as
If the mean-squared strain 2 zz is constant, as it is usually assumed, the integration (1) gives a Gaussian diffraction peak shape. Dislocation strain fields give rise to a logarithmic correction to this constant, which results in a non-Gaussian peak profile. 28, 29 We take into account that the strain in nanowires is distributed inhomogeneously and is mainly concentrated in the bottom part of the nanowire, where the interface to the substrate and most of the coalescence joints are located. Hence, the mean-squared strain depends on the distance z from the interface. We denote
where z = (z 1 + z 2 )/2 is the distance from the interface to the place where the statistical average over the ensemble of defects causing strain and over the lateral coordinate r ⊥ is performed. Denoting ζ = z 1 − z 2 , we rewrite the double integral (1) as
In the common case of homogeneous strain fluctuations, ε(z) is constant and the integral over z is equal to L − ζ (for 0 < ζ < L). This is the well established result describing the finite size effects in powder diffraction. The function L − ζ arises as a convolution of the shape function (equal to 1 for 0 < z < L and 0 otherwise) with its "ghost" shifted by ζ . Its Fourier transformation sin 2 (qL/2)/q 2 describes the diffraction peak profile from a finite strain-free sample.
To proceed with the inhomogeneous rms strain fluctuations ε(z), we change the sequence of integrations in (5),
wherez = min(z,L − z). Now the integration over ζ can be performed,
here erf(ξ ) is the error function of a complex argument, and Re denotes the real part of a complex number. Figure 4 presents examples of the structure factors calculated by Eq. (4). The rms strain is taken as an exponential function decaying from the substrate to the nanowire top,
The values of the parameters are obtained from the fits of the experimental profiles, described in the next section, and are given in Table I . Figure 5 presents the same triple-crystal x-ray diffraction profiles of the symmetric Bragg reflections for samples 1 and 2 as in Fig. 3 . The resolution functions (thin lines) are obtained by integrating the diffraction curves of the bulk GaN single crystal over its inclination, as described in Sec. III. The red curves are convolutions of the structure factor (7) with the resolution function of the respective reflection.
V. RESULTS AND DISCUSSION
For calculating the structure factor S(q), we have chosen an exponential function (8) to describe the rms strain fluctuations. An exponential decay of the strain in a cylinder is expected when the source of the strain is at the end of the cylinder. The experimental curves of the three reflection orders were fitted together. Parameters obtained by the fits are the rms strain parameters ε 0 , , and the nanowire length L. The values obtained in the fits are given in Table I .
The rms strain at the nanowire-substrate interface ε 0 is found to be the same for both samples. Hence the coalescence, which is notably different in the two samples, seems to provide a minor contribution to the total strain. The strain decay length is approximately three times larger than the average nanowire diameter D, also for both samples. The ratio /D is the only dimensionless quantity that can be contained in the solution of the elastic problem for a cylinder of a diameter D with forces applied at its end. Hence, the same ratio obtained in the fits of the x-ray profiles for two samples confirms the consistency of our analysis.
The relation of the strain decay length to the average nanowire diameter D overestimates the ratio /D for individual nanowires since nanowires with larger diameters provide a larger contribution (proportional to their cross-sectional area) to diffraction. The nanowires in both samples possess quite broad diameter distributions shown in the insert of the same nanowire lengths L = 1000 nm, the same value ε 0 = 4.6 × 10 −3 , but different strain decay lengths = 2D. The diffraction profile for the whole nanowire ensemble (thick red line) is calculated as a sum of these profiles with each curve multiplied with D 2 and frequency of the corresponding diameter in the experimental nanowire size distribution (insert in Fig. 6 ). This average intensity profile is very close to the one for D = 75 nm, that is, to a decay length = 150 nm. The fit of the experimental diffraction profiles gave a close value = 143 nm (cf . Table I ). Thus, a suitable estimate of the strain decay length for individual nanowires is /D 2.
With the values given in Table I , a substantial fraction of the nanowires' length will exhibit an rms strain ε > 10 −4 . This value may appear small, but a biaxial strain of this magnitude in a GaN(0001) layer will shift the A exciton by as much as 1.6 meV. This shift already exceeds the linewidth of the donor-bound exciton transition in the photoluminescence spectra of both nanowire samples. At this point, it is important to recall that the actual shift of the transition energies depends not only on the magnitude but also on the ratios of the components of the strain tensor, and in particular on the relation between the in-plane and out-of-plane components. An out-of-plane strain of 10 −4 may thus result in a significantly smaller band gap shift for the nanowire geometry than for a planar layer. To correlate the strain fluctuations in nanowires with the broadening of their emission lines, one would need to actually measure the in-plane mean-squared strain in addition to the out-of-plane component determined in the present work.
The in-plane strain components can be measured in a grazing incidence diffraction geometry of a synchrotron x-ray diffraction experiment. A study of GaN nanowires in the process of their growth on an AlN buffer layer 30 shows that the nanowires relax already within the initial stages of growth. However, analysis of strain fluctuations based on in-plane diffraction profiles similar to the present work is hampered by the size broadening of the diffraction peaks. In our study the size effect plays a minor role due to the large lengths of nanowires, which is of the order of 1 μm. Since the nanowire diameters are 10-20 times smaller, the size broadening dominates in the in-plane peaks. The broad diameter distribution of nanowires makes the analysis of in-plane peaks even more complicated. The longitudinal strain fluctuations 2 zz considered in the present work are more easily accessible through symmetric Bragg reflections in a laboratory x-ray diffraction experiment and can be analyzed with a higher accuracy compared to the in-plane components.
VI. SUMMARY
The x-ray diffraction peak profiles of GaN nanowires have been studied by high-resolution x-ray diffraction. We find that the peak widths in three successive reflections increase approximately proportional to the reflection order, which points to the strain fluctuations as the main source of scattering. To describe the peak profiles quantitatively, we consider inhomogeneous strain fluctuations, caused by distorted and broken bonds at the nanowire-substrate interface and at the coalescence joints. The mean-squared strain caused by these lattice defects varies along the nanowire. The peak profiles in all reflection orders are described simultaneously by an exponential decay of the rms strain fluctuations. The characteristic length of this decay is found to be about two times larger than the nanowire diameter.
